Aim: To study the relationship between circulating androgens (total testosterone [TT], free testosterone [fT] and dihydrotestosterone [DHT]) and HDL-C in men with and without CVD. Methods: Cross-sectional analyses included 1 661 baseline samples from the Massachusetts Male Aging Study (MMAS), a population-based cohort of men ages 40-70 years. Serum hormones were measured by radioimmunoassay and HDL-C was determined following precipitation of the lower density lipoproteins. CVD was determined by self-report. Analyses were performed using multiple linear regression. Results: TT and HDL-C were positively correlated in the entire sample (r = 0.11, P = 0.0001). After adjusting for confounders, we found this relationship was mostly limited to the 209 men with CVD. Among men with CVD, TT (P = 0.0004), fT (P = 0.0172) and DHT (P = 0.0128) were all positively correlated with HDL-C, whereas in men without CVD only TT correlated with HDL-C (P = 0.0099). Conclusion: Our results suggest that if androgens contribute to CVD in middle-aged men, the effect is not related to a suppressive effect of endogenous T on HDL-C. (Asian J Androl
Introduction
The incidence of cardiovascular disease (CVD) is greater in men than age-matched women [1] . Major cardiovascular risk factors also differ by gender, including lipid abnormalities, which might help to explain some of the increased risk of CVD in men [2] . In particular, ageadjusted levels of high-density lipoprotein cholesterol (HDL-C) are lower in men than in women [2] . Interestingly, this difference is only manifest after puberty, supporting the concept that androgens contribute to a reduction in HDL-C in men [3] . It has been proposed that sex hormones contribute to the discrepancy in incident of CVD in men compared to pre-menopausal women [4] . In men, low levels of serum androgens are associated with increased risk of developing type 2 diabetes [5] and the metabolic syndrome [6] , which are both strongly linked to the development of CVD. In addition, androgens could http://www.asiaandro.com; aja@sibs.ac.cn affect CVD through their impact of androgen on lipoprotein metabolism and HDL-C. Exogenous testosterone (T) lowers HDL-C when given to eugonadal middleaged men both in physiologic doses associated with male hormonal contraceptive regimens and in supraphysiologic doses to athletes [7] . Likewise, androgen deprivation, either experimental or for the treatment of prostate disease, increases HDL-C [7] . These data support the hypothesis that androgens inhibit HDL-C production, or, perhaps, increase HDL-C catabolism.
In contrast to data from intervention trials, epidemiologic analyses have found a positive relationship between androgens and HDL-C [8, 9] . Moreover, substitution of T in hypogonadal men with age-associated hypogonadism results in either no change or only minor decreases in HDL-C [10] , whereas correction of hypogonadism secondary to Klinefelters or Kallmanns syndrome can increase HDL-C [11] . These apparently conflicting results suggest that the relationship between HDL-C and androgens is complex and might be host dependent.
Using data from the Massachusetts Male Aging Study (MMAS), a population-based cohort of 1 709 middle-aged and older men, we investigated whether T and HDL-C are associated in men with and without CVD. We hypothesized that if T is involved in the causal pathway between HDL-C and CVD, higher androgen levels would be associated with lower levels of HDL-C in men with CVD.
Materials and methods

Design
The MMAS is a prospective, community-based, observational study of aging in middle-aged and older men. The current report uses only baseline data (T1: collected from 1987-1989). The design has been described previously [12] . At baseline, men aged 40-70 years from 11 cities and towns in the Boston, Massachusetts metropolitan area, USA were randomly selected from annual state census listings. To obtain a sample with approximately equal percentages in each age decade (40-49, 50-59, 60-69 years), age-stratified cluster sampling was used. Of those eligible, 1 709 (52%) agreed to participate at T1. This response rate likely reflects, in part, the early-morning phlebotomy, extensive in-home interview, and absence of financial incentive involved in this study. Trained interviewer/phlebotomists visited the men in their homes, administered a standardized interview, and obtained physical measures and blood samples. The New England Research Institutes' Institutional Review Board approved all protocols, including informed consent procedures.
Hormones and lipids
Two non-fasting blood samples were collected within 4 h of the subject's awakening to control for diurnal variations in hormone levels. Samples were drawn 30 min apart, pooled to help smooth episodic secretion, transported in ice-cooled containers, and centrifuged within 6 h. The samples were stored at -20ºC until shipment on dry ice to the central laboratory and then stored frozen at -70ºC until being assayed.
All assays were performed at The Endocrine Laboratory, University of Massachusetts Medical School (Worcester, MA, USA). Total T (TT) was determined by radioimmunoassay (RIA) kit (Diagnostic Products Corporation, Los Angeles, CA, USA). Hormones and lipids were assayed in 1994 on sera stored since collection in [1987] [1988] [1989] . A structural equation model, equivalent to a Deming regression, showed negligible change as a result of assay drift or storage. The assay crossreactivity with dihydrotestosterone (DHT) was 2.8%. The intra-assay and inter-assay coefficients of variation (CV) were 5.4% and 8.0%, respectively. As noted previously, the distribution of MMAS serum TT levels is similar to that reported by other large epidemiologic studies that have used RIA techniques [12] .
Sex hormone-binding globulin (SHBG) was measured by RIA using kits (Farmos Diagnostica, Farmos Group, Oulunsalo, Finland). The intra-assay and inter-assay CVs were 8% and 10.9%, respectively. DHT was measured by RIA column chromatography [13] . The intra-assay and inter-assay CV were 10.9% and 12.2%, respectively. The Södergard equation was used to calculate free T (fT), assuming a fixed albumin-bound concentration [14] . The Södergard equation produces estimates for fT, which closely approximate those obtained from equilibrium dialysis [14] . Serum lipids were measured at the Lipid Research Laboratory at Miriam Hospital, Brown University (Providence, RI, USA). This lab participates in the national survey for clinical laboratories sponsored by the College of American Pathologists. HDL-C was determined on non-fasting serum samples following precipitation of the lower density lipoproteins using Heparin Manganese reagent [15] . Well-validated instruments were used: alcohol [16] , physical activity (Stanford Five-City Physical Activity Questionnaire [17] ). Height and weight, waist and hip circumference were measured using standard techniques [18] . Smoking and chronic disease (diabetes, hypertension and CVD) were ascertained by self-report. Selfreport of heart disease was assessed at every timepoint by asking "Have you ever been told by a health professional that you have heart disease?". As reported previously, using longitudinal data from MMAS, we have found the concordance of self-report data compared to medical report and National Death Index data combined was approximately 80%. This is comparable to the concordance rate between self-report and medical records data reported in the published literature for ischemic heart disease and cardiovascular conditions in general [19] .
To determine prescription and non-prescription medication use, the interviewer copied the medication name from the label and queried the reason for use. Medications were coded using a system based on the American Hospital Formulary Service, as described previously [20] .
Statistical analysis
Of the 1 709 in the original cohort, men who were missing HDL-C data (n = 44) or all hormone data (n = 4) were excluded from the analyses, resulting in a sample size of 1 661.
Because of their skewed distributions, HDL-C, SHBG, DHT, body mass index (BMI), waist circumference (WC), and waist to hip ratio (WHR) were log transformed prior to modeling (Table 4 and Figure 1 ). However, results are presented on the original scale. To test whether HDL-C differed by categories, a two sample unpaired t-test was used. Tests of whether a variable differed by CVD status were done with a χ 2 -test or Fisher exact test for categorical variables and a two sample unpaired t-test for continuous variables. Correlations between HDL-C and continuous predictors were assessed by the Pearson correlation coefficient.
Multiple linear regression analysis was used to model HDL-C level as a function of hormone level and potential confounders. The impact of TT, fT, SHBG and DHT was examined. Separate models were fit for each variable.
The confounding effects of the following variables were examined: age, chronic disease (diabetes, hypertension and CVD), medication (lipid-lowering, prescription medications known to impact hormone levels), smoking, alcohol intake and adiposity (BMI, WC, WHR). Because of their correlation, the three adiposity measures were modeled separately.
For all models, we tested for possible two-way interactions between each hormone and each confounder. An interaction is present if the impact of the hormone on HDL-C varies by the level of a third variable. For many of the models, we found a statistically significant interaction between CVD and the hormone. This indicates that the relationship between the hormone and HDL-C differed depending on whether or not the man had CVD (e.g. positively correlated in one group, negatively in other; or association strong in one group and weak or nonexistent in another). When an interaction was present, we performed tests among the men with and without CVD to determine if the hormone-HDL-C association existed within each group.
SAS software (SAS System for Windows 9.1; Cary, NC, USA) was used to perform statistical analysis. The level of significance was set at P < 0.05.
Results
Baseline characteristics
Baseline demographic characteristics of the study cohort (n = 1 709) have been presented previously [12] and demographics of the analysis sample (n = 1 661) were similar. The sample was predominantly white (95.5%), employed (78%), with at least a high school education (88%). By design (e.g. random sampling), these demographics closely match those of the population of Massachusetts in 1990 according to census data. Descriptive statistics for baseline confounding variables, hormone levels, and HDL-C are shown in Table 1 . Subjects ranged from 40-70 years old with a mean of 55.2 ± 8.7. The prevalence of CVD was 13% (n = 209), similar to other community-based studies of older men [2, 21] . Lipid-lowering medication usage was rare (1%) while 9% of subjects reported a prescription medication that could lower hormone levels. Mean (standard deviation) TT was 17.9 (6.1) nmol/L, SHBG was 32. 3 (16. 3) nmol/L, and average HDL-C was 1.10 (0.36) mmol/L (equivalent to 42.5 mg/dL). Characteristics of the subjects with and without CVD are shown in Table 2 . As expected, men with CVD were older, more likely to take lipid-lowering medication, have hypertension and/or diabetes mellitus, and had a greater degree of central adiposity, as assessed by waist circumference and WHR, than men without http://www.asiaandro.com; aja@sibs.ac.cn CVD. Men with CVD also had higher total cholesterol, lower HDL-C, and lower total and free testosterone than those without known CVD.
Relationship between HDL-C and CVD and established cardiac disease risk factors
The association between mean HDL-C and established coronary risk factors in the study cohort is shown in Table 3 . As expected, mean HDL-C was significantly lower in men with CVD, diabetes and hypertension. Men with higher alcohol intake had higher HDL-C. Lipidlowering medication had little impact on HDL-C, possibly because of the low prevalence of use. Mean HDL-C did not differ by hormone medication or smoking.
Androgens and HDL-C
Overall, in unadjusted analyses, TT was positively correlated with HDL-C (r = 0.11, P = 0.0001; Table 4 ) although the magnitude of the correlation coefficient was small. SHBG and DHT were also positively correlated with HDL-C (Table 4 ; r = 0.16 and r = 0.06, respectively), whereas fT was not (r = 0.01).
All three measures of adiposity, BMI, WC and WHR, were inversely correlated with HDL-C (Table 4) .
Androgens and HDL-C in men with and without CVD
We went on to examine the relationship between androgens and HDL-C in men with and without CVD after controlling for confounders, including age and central adiposity (Figure 1 ). The regression lines were adjusted for WHR (as a measure of central adiposity), smoking, alcohol consumption, age and the use of medications that might affect hormone measures. The association between TT and HDL-C differed depending on whether the man had CVD (P-value for interaction term 0.0130). Among men with CVD, TT was significantly and positively associated with HDL-C (P = 0.0004 for association between T and HDL-C among CVD cases). Figure 1A illustrates the magnitude of this relationship: if two men with CVD differed by 5 nmol/L in TT and all other characteristics in the model were equal, the man with the higher T would be expected to have a 6% higher HDL-C. The association between TT and HDL-C among men without CVD (P = 0.0099) was much weaker; a 5 nmol/L difference in TT would result in a 2% higher HDL-C. Moreover, when WC or BMI were controlled for instead of WHR, the hormone-HDL-C association also varied by CVD status (interaction P = 0.0144 and 0.0289, respectively). Among the men with CVD, a high TT was still associated with high HDL-C (P = 0.0028 WC model; P = 0.0053 BMI model). However, there was no longer any association between TT and HDL-C among the men without CVD when we adjusted for WC or BMI instead of WHR (P = 0.2875 and P = 0.1925, respectively).
The results for fT and DHT were similar to those for TT ( Figure 1B and 1D) . When WHR was controlled for, the association between fT and HDL-C varied by CVD status and was present only among men with CVD (interaction P = 0.0226). High fT was associated with high HDL-C in this group (P = 0.0172). Similar results were found when controlling for WC (interaction P = 0.0389), although the interaction term did not reach significance when adjusting for BMI (P = 0.0610). Analogous to the results for TT, a man with 0.2 nmol/L higher fT would be expected to have 6% higher HDL-C than a man with similar WHR, cardiac risk factors and lower serum fT. Moreover, in men with CVD there was a positive association between DHT and HDL-C when WHR was controlled for (interaction P = 0.0470; P = 0.0128 for the correlation between DHT and HDL-C in this model); this relationship, however, did not reach statistical significance if WC or BMI replaced WC in the model (interaction P = 0.1010 and P = 0.1560, respectively). Unlike TT, fT and DHT, the association between SHBG and HDL-C in the adjusted model did not differ by CVD status ( Figure 1C , P = 0.9854 for the interaction term). Controlling for WC or BMI did not alter these results (data not shown). However, SHBG was very highly positively associated with HDL-C regardless of CVD status or which adiposity measure was controlled for (P = 0.0001 for SHBG in all three adiposity adjusted models without interaction terms; data not shown).
Discussion
Similar to other cross-sectional analyses of middle aged men [8, 9] , in the present study of 1 661 men enrolled in the MMAS, we found a positive relationship between HDL-C and TT. HDL-C was inversely related to chronic disease, including CVD, diabetes and hypertension. After adjustment for confounders (age, WHR, smoking, alcohol consumption and medications), we found that the relationship between androgens and HDL-C was mostly limited to the 209 men with CVD within the cohort. Importantly, the positive relationship between HDL-C and androgens was consistent, whether the assessment of androgen level used TT, fT or DHT measurement. Moreover, although SHBG, which binds 60% of circulating T, was strongly and positively correlated with HDL-http://www.asiaandro.com; aja@sibs.ac.cn C, the strength of this relationship did not vary between men with and without CVD. These results suggest that the dichotomy between androgens and HDL-C in men with and without CVD that we observed is androgen specific, and not a function of the carrier protein.
The hypothesis that T adversely impacts CVD risk is largely based upon interventional trials that indicate that exogenous androgens suppress HDL-C in men, even when given in physiologic doses [4] . T has been demonstrated to decrease HDL-C by increasing both hepatic lipase (HL) activity [22] and scavenger receptor B1 expression [23] , resulting in increased HDL-C uptake by hepatocytes [23, 24] . However, it is difficult to extrapolate these data to increases in CVD risk [23, 24] , because atherosclerosis is inhibited in transgenic animal models with enhanced HL activity despite decreased HDL-C Table 4 . Association between log high density lipoprotein cholesterol (HDL-C) and continuous predictors (n = 1 661), Massachusetts Male Aging Study, 1987 Study, -1989 a Pearson correlation between characteristic and log HDL-C.
b Test of the null hypothesis that correlation between log HDL-C and characteristic equals 0. T, testosterone; TT, Total T; fT, free T; SHBG; sex hormone-binding globulin; DHT, dihydrotestosterone. [24] . Furthermore, epidemiologic data have failed to demonstrate an association between T levels and CVD [24, 25] and, in fact, lower androgen levels are associated with the development of type 2 diabetes, which would increase the risk of CVD [25] . Moreover, high circulating T levels are associated with high, not low, HDL-C levels in cross-sectional studies [9] . If high levels of circulating androgens contribute to CVD by lowering HDL-C, one might expect that in men with CVD, androgens would be associated with lower HDL-C levels; in fact, our results showed just the opposite. Our data support the hypothesis that if T increases CVD risk, this effect is unlikely to be mediated through a negative impact of T on HDL-C. Because there is a very strong, positive association between SHBG and HDL-C [26] , analyses of free hormone is critical to discerning the effects of androgens. In addition, although serum concentrations of DHT (the product of 5α-reduction of T) are significantly lower than T in men, DHT is a significantly more potent androgen than T, at least in vitro. A strength of our data is the consistency in the relationships between T, fT and DHT and HDL-C in men with CVD. Although most studies find a positive relationship between TT and HDL-C, some have suggested that this likely reflects the contribution of SHBG (bound to T) [26] , and that increased fT results in a more atherogenic lipid profile, including lower HDL [27] . Our data argues against this, because both higher fT and DHT levels were associated with higher HDL-C in men with CVD. In addition, T levels might be impacted by the presence of acute or chronic illness, body composition, age and smoking [24] . Others have argued that the association between T and HDL-C is mostly, if not completely, mediated by body composition, and central adiposity in particular, because obesity is associated with low T and low HDL-C [24] . However, when we controlled for BMI, WHR or WC in our analyses, androgens still were clearly related to HDL-C in men with CVD. Such factors, or a selection bias, might have influenced previous, small case control studies in men undergoing coronary angiography, which failed to find a relationship, or found a negative relationship, between androgens and HDL-C in men with or without CVD [8, 28] .
In conclusion, using cross-sectional analyses of a : log dihydrotestosterone (DHT). All models contain the following T1 variables: hormone, CVD, interaction between CVD and hormone, log waist to hip ratio (WHR), smoking, alcohol intake, age and hormone medications. For the purposes of display, the covariates were set to the following values: log waist (log median = log 96.5 cm), smoking (non-smoker), alcohol intake (< 1 drink/day), age (mean = 55 years), and hormone medications (none). P-values for the interaction between CVD and hormone are shown in the upper right corner of each panel. Massachusetts Male Aging Study, 1987 Study, -1989 large cohort of community dwelling, middle-aged men, we demonstrate a strong, positive relationship between androgens and HDL-C in men with CVD. This is in contrast to men without CVD, where only TT, and not fT or DHT, weakly correlated with increased HDL-C. Our data suggest that any androgenic effect on CVD risk is not mediated by an inhibitory effect of endogenous T on HDL-C levels.
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